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SUMMARY 


A f low-visualisation study has been conducted In the Langley Vortex Research 
Facility to investigate effects of lateral control-surface oscillations on the wake 
of a 0.03-scale nodel of a wide-body jet transport aircraft. Effects of both amym- 
netrlc surface oscillation (control surfaces aove as with normal lateral-control 
inputs) and symmetric surface oscillation (control surfaces move in phase) were com- 
pared to effects of fixed deflected flight spoilers, the asymmetric case simulated a 
flight maneuver which was previously investigated on the transport aircraft during 
NASA/PAA flight tests and which resulted in substantial wake-vortex attenuation. 

The simulated flight maneuver produced a more disorganised wake with less appar- 
ent rotary motion than was obtained with either symmetric surface oscillation or 
fixed deflected flight spoilers, for this asymmetric case, only a small amount of 
rotary motion remained in the wake-vortex system once roll-up was complete, a finding 
consistent with results of the flight tests. 

Effects of surface oscillation on .he vortex roll-up process were complex. With 
asymmetric oscillation, asymmetric regions were produced wherein part of the vortex 
system transferred across the wake centerline, merging with the vortex systems on the 
other side of the wake. This vortex transfer phenomenon is identified as a possible 
aerodynamic mechanism contributing to the large amount of attenuation observed with 
asymmetric oscillation. 

Wake roll-up both for oscillating control surfaces and for fixed deflected 
spoilers was not complete for a full-scale downstream distance of approximately 
1 n.mi. 


INTRODUCTION 

The strong wake vortices generated by large commercial jet transport aircraft 
are a potential upset haeard to smaller aircraft that are following, resulting in 
terminal area instrument Plight Rules (IPR) horizontal separation requirements that 
have contributed to capacity problems at busy airports. For a number of years, the 
National Aeronautics and Space Administration has been involved in a broad research 
effort consisting of model tests, flight tests, and theoretical studies to better 
understand these wake vortices in order to develop aerodynamic means of minimizing 
their effects (ref. 1). 

As part of this effort, fliqht tests (ref. 2) were conducted on the Boeing 747 
configuration to evaluate the effectiveness of statically deflecting various spoiler 
segments for vortex attenuation. Because spoiler deflection had been shown to be 
effective in early tests, and represented a relatively simple retrofit, much recent 
wake-vortex research has been devoted to evaluating this concept (see ref. 3), 
including flight tests of the more promising configurations. During the tests 
described in reference 2, additional flights were performed to determine if aircraft 
maneuvers on final approach would degrade the vortex attenuation obtained by spoiler 
deflection. This maneuver consisted of rolling the aircraft periodically by oscil- 
lating the roll-control wheel nearly full deflection to produce bank angle excursions 



of approximately ±7°, In the maneuver, the spoilers and ailerons were oscillated 
simultaneously, but the spoiler segments involved were uprigged for the neutral con- 
dition, causing them to retract on the rising wing and become farther extended on the 
falling wing. Unexpectedly, both observation and measurements indicated that these 
lateral-control oscillations resulted in further attenuation of the wake vortex. For 

instance, the rolling moments induced on a TV37B probe aircraft encountering the 

vortex during the tests were mostly within its roll-control power. As a result, this 
wake caused substantially less roll and bank-angle response on the probe aircraft 
than did the wake attenuated by static spoiler deflection. In fact, the T-37B pilots 
reported that this wake was essentially free of organized rotary motion and was some- 
what comparable to light-to-moderate turbulence at a 3-n.mi. separation (ref. 2). 
Substantial attenuation this close behind a heavy-class aircraft is significant in 
view of current separation requirements, which are 4 to 6 n.mi. depending on the size 

class of aircraft that are following. Although such a maneuver on final approach is 

obviously not operationally practical, these test results are of considerable 
interest because of the large amount of attenuation obtained, and because it is 
believed that an understanding of the flow mechanisms responsible for the attenuation 
may suggest more practical concepts. 

The purpose of the investigation described in this paper was to simulate the 
flight control inputs on a 0.03-scale model of the Boeing 747 and to study the 
effects on the wake in order to obtain some understanding of the flow interactions 
involved in the wake attenuation. The investigation was exploratory and qualitative 
in nature, utilizing flow visualization to estimate the amount of attenuation 
obtained and to study the details of the wake-flow interactions. The investigation 
was conducted in the Langley Vortex Research Facility. 


SYMBOLS 
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chord, m 

wing mean aerodynamic chord, m 

inboard 

outboard 

free-stream dynamic pressure, Pa 
wing area, m^ 
trailing edge 

downstream separation distance, km (n.mi.) 
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APPARATUS AND PROCEDURES 


Test Facility 

A sketch of the Langley Vortex Research Facility is shown in figure 1. This 
facility was developed during the past decade specifically to study the lift-induced 
vortex flows associated with heavy transport aircraft, A particular feature of the 
facility is that the aircraft model is towed through the test area rather than being 
held fixed as in conventional wind tunnels. This feature permits observation of the 
model-generated wake for long time periods after model passage, which represents 
large downstream distances. 

The facility is 550 m long and has an enclosed overhead track extending the 
length of the building, The wake-generating aircraft model is blade mounted on a 
strain-gage balance beneath a streamlined powered carriage, which travels along the 
overhead track, The support blade is adjustable to permit variation in model atti- 
tude. The model aircraft is towed at constant velocity through a test-section 
enclosure which serves to isolate the carriage wake from the model. The model used 
in the present investigation is shown exiting the test-section enclosure in the pho- 
tograph in figure 2* The test section is 91 m long, 5.5 m wide, and 5.2 D high, with 
a 5-cm-wide opening in the ceiling to allow the model support blade to pass. The 
overhead track extends 305 m ahead of the entrance to the covered area to permit the 
carriage to accelerate to test velocities up to 30 m/sec. 


Model and Test Conditions 

A three-view sketch and principal geometric characteristics of the 0.03-scale 
model used for tests are shown in figure 3. The model was equipped with leading- and 
trailing^edge flaps deflected for landing approach (30°/30°), and the landing gee 
was extended. The notation (30°/30°) has conventionally been used to indicate the 
nominal angles of deflection of inboard and outboard trailing-edge flaps for the 
landing configuration. 

A sketch of the model depicting the lateral-control surfaces that were oscil- 
lated in the tests and plots of the surface angular deflections through one cycle for 
lateral-control oscillation are presented in figure 4(a). A photograph showing the 
control surfaces oscillated is presented in figure 4(b). The surface frequency of 
oscillation was a nominal 3,4 cycles/sec to correspond for constant Strouhal number 
to a full-scale frequency of about 1/4 cycle /sec. (Based on pilot comments during 
the flight tests described in ref, 2, slower oscillation frequencies (1/6 to 1/4 
cycle/sec) appeared to produce more attenuation than faster frequencies.) In fig- 
ure 4(a), the oscillations were approximately sinusoidal with the exception that the 
spoilers were limited to the full-scale maximum deflection of 45° • Note that only 
the three inboard spoiler segments over the outboard flap were oscillated, and that 
the spoilers were deflected 30° at the neutral condition. In addition to this case, 
to simulate lateral-control oscillation, a case was also investigated in which the 
surfaces on one wing were oscillated in phase with those on the other wing. This 
case is referred to herein as "symmetrical" surface oscillation to distinguish it 
from the case in figure 4 which is referred to as "asymmetrical" surface oscillation. 
The surfaces were oscillated by means of mechanical linkage which was located inside 
the model with the exception of small crank arms protruding under the wings to 
connect to the surfaces. This mechanical linkage was driven by a small electric 
motor located inside the model fuselage. In addition to these two oscillating cases, 
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symmetric fixed spoiler deflection (three inboard segment s over outboard flap) was 
investigated as a comparison baseline. 

Since the model was rigidly mounted on the support blade, it was not possible to 
simulate the bank-angle excursions induced by the lateral-control oscillations in the 
flight tests. Although the effects of these aircraft motions are not known, it is 
conjectured that they would probably further disorganise the wake. In addition, 
engine thrust was not simulated in the tests. However, past work (ref. 4) has shown 
chat engine thrust on this configuration is effective in attenuating the wake vortex. 
For these reasons, the results of the present investigation are believed to be 
conservative. 


The model flight path was approximately 1.7 m below the test-section ceiling, a 
distance determined from previous tests to be sufficient to avoid significant effects 
on the model lift characteristics. Model attitude was set for a nominal lift coeffi- 
cient of 1 .4, corresponding to the landing configuration, in trimmed condition for 
all configurations tested, and test speed was a nominal 30 m/sec, giving a test 
Reynolds number of approximately 4.7 x 10 5 based on the model mean aerodynamic chord. 


Flow-visualization Instrumentation and Presentation of Results 

Wake-vortex systems generated by the model aircraft were studied with a two- 
dimensional flow- visualization technique developed for the facility. Kerosene smoke 
was injected into the test section in a screen generally confined to a plane perpen- 
dicular to the model flight path and illuminated with flood lights. The model was 
then propelled through the smoke; and the wake action, made visible by the smoke 
induced along the flow streamlines, was recorded photographically with motion and 
high-speed still cameras. The cameras were positioned below the model flight path 
and viewed downstream, facing the approaching model. A detailed description of this 
f low- visualization technique can be found in reference 5. 

Results are presented herein as visual time histories of the wake characteris- 
tics recorded on still photographs taken in rapid sequence during the test runs. In 
the figures, the full-scale downstream separation distance x in km (n.mi.) corre- 
sponding to the time at which each photograph was taken is given under the photo- 
graph, and the wake at increasing downstream distances is seen by viewing successive 
photographs in each row in the figure from left to right. In several of the figures, 
the model is seen in the first photograph immediately after it has passed througn the 
smoke screen. A qualitative estimate of the rotary motion in the wake can be made 
from these still photographs by noting the extent to which the smoke is organized 
into spiral patterns. However, if the wake vortices are diffused and little rotary 
motion remains, it is generally impossible to detect this motion in the photographs. 
It should be emphasized, therefore, that the following discussion of data figures is 
also based on study of motion film coverage of the test runs. 


RESULTS AND DISCUSSION 

In this section, the characteristics of the basic unattenuated wake are pre- 
sented first for comparison, with the attenuated wakes discussed later* Effects on 
tha wake of fixed spoiler deflection and of lateral control-surface oscillations, 
both asymmetric and symmetric, are then discussed. In each case, details of the wake 
roll-up process are presented first, followed by a discussion of cha ? icteristics 
after roll-up is complete. In addition, a comparison is made between the apparent 
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•Mount of vortex attenuation obtained with asymmetric oscillating surface* and with 
deflected spoilers. 


Basic Configuration (No Control Deflections) 

The basic unattenuated wake system is presented in the photographs in figure S. 
is is well known from previous investigations (see ref. 6), initially separate 
vortices are shed on each side of the wake from the flap edges and wing tip. The 
dominant vortex is shed from the outer edge of the outboard flap, and weaker vortices 
are shed from the wing tip and inboard flap. The weaker vortices rapidly orbit about 
and merge downstream with the outboard-flap vortex (within a longitudinal travel of 
the aircraft of approximately 6 spans), after this point, the roll-up process is 
considered complete, and the wake system consists of two strong, persistent, counter- 
rotating vortices, which are characterised by apparently laminar cores and large 
maximum rotational velocities (ref. 7). 

Because the wing-tip and inboard-flap vortices are relatively weak and merge 
rapidly with the outboard-flap vortex, it is difficult to see details of this roll-up 
process in figure 5(a). The positions of the individual vortices are identified in 
the photographs, however. Once roll-up is complete, a symmetric vortex with a well- 
defined core can be seen (note vortex from the port side of the model; core details 
of starboard vortex are not visible because of inadequate smoke seeding in this par- 
ticular test run). As shown in figure 5(b), this vortex system persists, descending 
in the test section until it dissipates due to its close proximity to the test- 
section floor at a full-scale downstream distance of about 3 n.mi. 


Effects of Fixed Spoiler Deflection 

The effects of deflected flight spoilers on the wake characteristics are shown 
in the photographs in figure 6. This wake system differs considerably from the basic 
wake in terms of initial vorticity distribution, roll-up dynamics, and characteris- 
tics after roll-up. Roll-up (fig. 6(a)) is characterised by a strong vortex pair 
shed from the inboard flap, and a relatively weak, diffused vortex system shed from 
the outboard flap and wing tip. The inboard-flap vortex pair is shed in the strong 
downwash field behind the flap, descends rapidly below, and then orbits outward from 
the wing-tip and outboard-flap system (x - 0.23 n.mi.). These two vortex systems 
slowly merge (x * 0.52 n.mi.), a process taking a full-scale downstream distance of 
approximately 1 n.mi. to complete. Unlike the basic vortex, once roll-up is 
complete, this system consists of a diffused region of rotating flow without a well- 
defined core. 

A better understanding of the effects of deflected spoilers on roll-up can be 
gained by a consideration of their expected influence on both the local flow region 
over the outboard flap and, more generally, on the overall wing s panwise lift distri- 
bution. Due to the action of the spoilers, much of the flow over the outboard flap 
would be separated, reducing .'w flap loading and injecting turbulence into the vor- 
tex shed from its outer edge, both affects combining to weaken and diffuse this oth- 
erwise dominant vortex. Also important is the fact that a measured increase in angle 
of attack of about 2.5° was required to maintain the lift coefficient of 1.4 with 
these three spoiler segments deflected 45°. The resulting Increased lift inboard 
would be expected to increase the strength of the inboard-flap vortex and the down- 
wash velocity behind the flap, in addition, since the lift carryover to the outboard 
flap would be reduced, the spanwise lift gradient between the flaps would become more 
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pronounced and result in a stronger vortex from the outboard edge or the inboard 
flap, creating a vortex pair from this flap. These combined effects result in the 
trailed vorticity behind the wing being redistributed into three separate regions, 
which subsequently become further separated because of the large difference in down- 
wash behind the two flap systems. With the total vorticity now more equally divided 
into these widely separated regions, roll-up is delayed, allowing diffusion of vor- 
ticity to occur, particularly in the vortex pair as it spreads while merging. 

Beyond a downstream separation of 1 n.mi., however, a more organized vortex 
system forms, with a visible core region (fig. 6(b)). This system descends somewhat 
more slowly than the basic wake, permitting observation to a greater downstream dis- 
tance. For the downstream distance of approximately 4 n.mi. shown in figure 6(b), 
the vortex system persists with little apparent further decay. 


Effects of Asymmetric Surface Oscillation 

A particularly valuable feature of the flow-visualization technique employed is 
that it permits observation of wake flow nonuniformities and vortex interactions. In 
the present tests, control-surface oscillation produced large longitudinal flow non- 
uniformities in the wake during each cycle of oscillation. Use of this technique to 
analyze the wake with such periodic flow disturbances, however, required study of 
numerous test runs for a given configuration. The time history of only one two- 
dimensional region in the wake could be observed on a given test run, and the two- 
dimensional wake characteristics differed greatly within the longitudinal region 
represented by each period of oscillation. In other words, the wake characteristics 
seen on a given test run depended on the phase of oscillation, that is, the orienta- 
tion of the control surfaces as the model aircraft passed through the smoke screen. 

For the asymmetric oscillating case presented in figure 7, two longitudinal 
regions with distinctly different characteristics were observed, one asymmetric and 
one symmetric. Roll-up of the asymmetric region (fig. 7(a)) is characterized ini- 
tially by a stronger, more defined vortex on one side of the wake than on the other. 
(See wake from port side of the model in fig. 7(a) at x = 0.27 n.mi.) This vortex 
system is shed from the wing-tip and outboard-flap outer-edge vortex (vortex sys- 
tem (2)). As roll-up continues, however, rotation on this side diminishes rapidly, 
and by the time roll-up is complete (approximately 1 n.mi.), the wake is relatively 
symmetrical (see lower right photograph in fig. 7(a)). Either side of the wake can 
exhibit this greater rotation on different test runs, depending on surface orien- 
tation during passage of the model through the smoke screen. On the opposite side of 
the wake, the wing-tip and outboard-flap vortex system (vortex system (1)) is 
diffused with reduced rotation. A vortex pair is shed from the inboard flap on that 
side (vortex system (3)), descends well below and then outboard of this system 
(x = 0.27 n.mi.), and appears to dissipate without merging (x * 0.49 n.mi.). 

An interesting additional roll-up characteristic of this asymmetric region is a 
lateral transfer of the inboard-flap vortex system from the stronger to the weaker 
side of the wake. Note that the port inboard-flap vortex pair (vortex system (4)) in 
figure 7(a) transfers to the other side of the wake and merges with the vortex sys- 
tems on that side. This lateral transfer is shown clearly in figure 7(b) where the 
smoke screen is not as dense, permitting the individual vortex systems to be distin- 
guished more easily. In figure 7(b), the stronger wing-tip and outboard-flap vortex 
system is seen on the starboard side (vortex system (3)), and it is the starboard 
inboard-flap vortex pair (vortex system (1)) that transfers. Note that the lateral 
transfer occurs in a relatively short period of time, being essentially complete 
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within a downstream distance of approximately 0.25 n.mi. This vortex transfer is 
thought to result from the fact that the centroid of the wake vorticity is not coin- 
cident with the wake centerline when the surfaces are deflected asymmetrically, since 
the total lift on the wings is unequal. 

Final roll-up of the three vortex systems making up the weaker side of the wake 
takes a downstream distance of approximately 1 n.mi. A broad region of turbulent 
flow is produced that exhibits practically no rotary motion once the merging process 
is complete. (See vortex systems (1), (3), and (4) at x * 0.87 n.mi. in fig* 7(a)*) 

Characteristics of the asymmetric region beyond a downstream distance of 1 n.mi. 
are shown in figure 7(c). The small amount of rotary motion remaining in the wake on 
the stronger side (wake from port side of model in fig. 7(c)) continues to rapidly 
diminish so that after a short distance farther downstream, practically no rotary 
motion is observed on either side of the wake in this asymmetric region (see 
photograph at x = 1.30 n.mi*)* 

Roll— up of the symmetric region (see fig. 7(d)) is characterized by a strong 
inboard-flap vortex pair and a relatively weak, diffused wing-tip and outboard-flap 
vortex system on each side. The inboard-flap system decends below and then outboard 
of the wing-tip and outboard-flap system (photographs at x « 0.26 and 0.49 n.mi.), 
merging with it at a downstream distance of approximately 1 n.mi. (lower right pho- 
tograph) • At this downstream distance, a moderate amount of rotary motion remains in 
the *ake. Farther downstream (see fig. 7(e)), this rotary motion diminishes, but a 
small amount is seen to remain in this symmetric region (x * 1.48 n.mi.). 

The symmetric regions are apparently produced when the lateral-control surfaces 
pass through the neutral setting, and the asymmetric regions are produced during 
other portions of the cycle, with the degree of asymmetry depending on the amount of 
surface deflection from neutral. Therefore, both symmetric and asymmetric regions 
are produced twice during each cycle. In the asymmetric regions, the stronger or 
weaker rotation is produced first on one side of the wake and then on the other, 
depending on whether the surface deflections correspond to a right or left control 
input. Therefore, the inboard-flap vortex systems transfer across the woke center- 
line from the stronger to the weaker side also twice each cycle? they transfer first 
from one side of the wake, then from the other, so the direction of transfer alter- 
nates. These large periodic movements of the inboard-flap vortex systems laterally 
across the wake are believed to be an important contributing mechanism to the rapid 
vortex breakdown observed for this asymmetric oscillating case. 

A comparison between this wake, showing both asymmetric and symmetric longitudi- 
nal regions, and the wake with spoilers deflected 45° is presented in figure 8* This 
comparison indicates that asymmetric control-surface oscillation apparently produces 
a more disorganized wake with less rotary motion than is obtained with static spoiler 
deflection. Whereas the vortex system of the spoiler configuration (fig. 8(a)) 
appears to reform with a visible core region (x = 1.49 n.mi.) and to persist farther 
downstream (x * 2.53 n.mi.), the vortex system of the oscillating case is disorga- 
nized with reduced rotary motion at a downstream distance of approximately 1.50 n.mi. 
(figs. 8(b) and 8(c)). 


Effect of Symmetric Surface Oscillation 

In order to gain further insight into the flow mechanisms contributing to the 
vortex attenuation observed with asymmetric oscillation, tests were made with the 
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control surfaces oscillating symmetrically, a case for which vortex transfer across 
the wake centerline would not be expected. These tests differed from the asymmetric 
case only in that the control surfaces on one wing were oscillated in phase with 
those on the other wing. 

Typical roll-up characteristics and subsequent wake development for this symmet- 
ric case are shown in the photographs in figure 9. As expected, the wake is symmet- 
ric, and no vortex transfer across the centerline is observed. Roll-up is character- 
ized by a strong inboard-flap vortex pair that descends below (x - 0.14 n.mi.) and 
then outboard (x ■ 0.48 n.mi.) of the wing-tip and outboard-flap vortex system, merg- 
ing with it at a downstream distance of approximately 1 n.mi. Farther downstream 
(x m 1.50 n.mi.) a more organized vortex system forms with a visible core region. 

Note that these wake characteristics are generally similar to those seen with the 
static deflected spoiler case (compare with fig. 6), and that the amount of vortex 
attenuation obtained is noticeably less than was obtained with asymmetric oscillation 
(compare with fig. 7). These results further indicate that the vortex transfer 
across the wake centerline that was observed with asymmetric oscillation may be an 
important vortex attenuating mechanism for that case. 


CONCLUDING REMARKS 

A flow-visualization study has been cone cted in the Langley Vortex Research 
Facility to investigate effects of lateral control-surface oscillations on the wake 
of a 0.03-scale model of a wide-body jet transport aircraft. Effects of both asym- 
metric surface oscillation (control surfaces move as with normal lateral-control 
inputs) and symmetric surface oscillation (control surfaces move in phase) were com- 
pared to effects of fixed deflected flight spoilers. The asymmetric case simulated a 
flight maneuver which was previously investigated on the transport aircraft during 
NASA/FAA flight tests and which resulted in substantial wake-vortex attenuation* The 
following conclusions are drawn: 

1 • The simulated flight maneuver produced « mure disorganized wake with less 
apparent rotary motion than was obtained with either symmetric surface oscillation or 
fixed deflected flight spoilers. Fur this asymmetric case, only a small amount of 
rotary motion remainen i, 4 the wake-vortex system once roll-up was complete, a finding 
consistent with results of the flight tests. 

2. Effects of surface oscillation on the vortex roll-up process were complex. 
With asymmetric oscillation, asymmetric regions were produced wherein part of the 
vortex system transferred across the wake centerline, merging with the vortex systems 
on the other side of the wake. This vortex transfer phenomenon is identified as a 
possible aerodynamic mechanism contributing to the large amount of attenuation 
observed with asymmetric oscillation. 

3. Wake roll-up both for oscillating control surfaces and for fixed deflected 
8 poller a was not complete for a full-scale downstream distance of approximately 

1 n.mi. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
March 28, 1983 
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Mean aerodynamic chord, m 0.25 

Roc* chord, m 0.497 
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Figure 3.- Three-view sketch of transport aircraft model used in tests. Linear dimensions are 
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(a) Sketch showing surfaces oscillated on model and plots of surface angular orientation through one 

cycle for asymmetric case. 
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(b) photograph showing control surfaces oscillated on Rodel.i 
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Cb) Fo. l~up of asymmetric longitudinal region showing lateral transfer of vortex 

pair shed from inboard flap* £L « 1*40* 

L~83~63 

Figure 7*- Continued* 




(c) Complete history of asymmetric longitudinal region 
















Figure 9.- Effects of symmetric control-surface oscillation on wake characteristics. Prequen 
oscillation = 3.4 eye leaf sec- Downstream separation distance x is given in tan (n.mi.) 









